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Executive Summary
The presentations at the fire protection information exchange meeting held at the US Army Research Laboratory during 14-15 October 2015 ranged in scope from broad summaries of efforts occurring in various agencies to more-focused reports on technical results. Different aspects of the overall vehicle fire problem including the tradeoffs of mitigating technologies were discussed. In general, the discussions centered on the effort to extinguish or mitigate the fire event and on minimizing subsequent adverse consequences rather than technologies or tactics to avoid the initial threat interaction or initiation event. Efforts are underway to understand how the threat interaction disrupts the vehicle's fuel integrity and initiates the fire event. Solutions are being pursued in an attempt to minimize the severity of the damage from ballistic threat, some of which have shown some promise at least with the lower-energy threats.
Once a fire event is underway, the most prevalent and most talked about technology employed is a fire extinguishment system (FES). This broad category encompasses systems that seek to disrupt some critical aspect of the combustion cycle. Materials that interact chemically with the combustion process are the most prevalent type of agent used. Others can act as thermal or even oxygen barriers to the flame. These systems can range from manually deployed, portable extinguishers to sophisticated automatic FESs that can react faster than a human, thereby reducing the event severity and/or deploy when the crew is incapacitated. The consequences of FES use is not without its tradeoffs. Identified risks include the deployment safety of the system, toxicology of the agent itself plus health issues of the pyrolysis products produced by the interaction, and future health and capabilities of the crew and equipment. In addition, there is a new push to address the global warming potential of extinguishing agents.
Current battery technologies with increased stored energy densities are making them more attractive as a power source in vehicles of all types, military and civilian. Lithium (Li)-ion chemistry-based batteries are currently favored as a viable replacement for existing lead-acid types or for new applications. The tradeoffs for the alternate chemistry were a topic of discussion at the meeting. The high-energy density achievable with the new materials can also be a source of, or contribute to, vehicle combustion events. Some of the electrolytes used in the construction of modern Li batteries can themselves be quite flammable. Conventional FES agents can also prove problematic.
Other incorporated materials including composites, tires, and tracks, as well as the uniforms and other garments worn by the crew, are being investigated. If, for example, Soldiers' uniforms can become part of the personal protective equipment by increasing the crew's tolerance to thermal injuries, the requirements placed on the FES may be loosened, allowing for a wider design space.
Discussions centered on the pertinent threats of current interest and the pursuit of solutions that can be easily implemented for current fielded systems while laying the groundwork for new technologies applicable in the longer term that are more effective, less toxic, and environmentally friendly.
The overall conclusions arrived at during this meeting were similar to those elucidated in the previous workshop 1 and are worth paraphrasing here. Effective strategies to combat the threat of vehicle fires in military and civilian vehicles will require a holistic approach; no one prevention/mitigation technology will work for all fires and in all scenarios. Intelligent energy storage designs, improved extinguishment materials and deployment strategies, and advanced materials should all be considered as part of the multitiered approach. The immediate health effects along with the long-term well-being of the crew and the environment will need to be considered in any solutions pursued.
Other general concerns espoused during this meeting also referenced those from the previous workshop. Fire protection is still a secondary consideration early in the design phase of a new vehicle system. This usually leads to lack of definitive requirements at the stage when solutions are easiest to adopt. Health effects are of concern to everyone but lack the proper emphasis. Environmental issues are becoming a greater concern. Lack of end-user feedback, including live-fire data and system limitations, hampers technology development. There also was a consensus that efforts that will strengthen our understanding of the underlying phenomena should be pursued. This knowledge will prove critical to the development of new fire protection technologies and strategies to combat this serious issue.
As part of the discussion section, a listing of the types of systems of concerns, possible threats involved, current status, limitation of current technologies, and future directions were discussed. The 4 categories of systems were liquids, solids, electrical, and FES. These subjects were sufficiently covered at the previous workshop 1 with general agreement of its continued validity and will not be reiterated here.
Introduction
Military vehicles can be vulnerable to devastating fires arising from the combustion of a variety of materials that are normal components of mobile platforms. Although explosives and propellants that are part of the munition system are typically the first thing that comes to mind as a source of uncontrolled combustion, there is a variety of other materials that can also contribute. Most contemporary mobile vehicle systems rely on some type of liquid fuel source for self-propulsion. The energy contained in the fuel for propulsion can greatly exceed the total energy that a vehicle carries from all the other energetic materials. New energy-dense components like lithium (Li)-ion batteries are becoming more prevalent in these systems due to their increased performance potential. Along with the promising capabilities, Li-ion battery technology carries greater risk than the lead-acid batteries it replaces, as the materials used in its construction can be flammable and emit toxic fumes when combusted. Tires, plastics, composites, and other combustible materials can contribute to the severity of a vehicle fire event.
The US Army Research Laboratory (ARL) and the Tank Automotive Research, Development and Engineering Center (TARDEC) jointly organized the Fire Protection Information Exchange meeting to provide a forum for the community to assemble and discuss the efforts being conducted on this topic. The planned outcome of the meeting was the generation of this report. The longer term goal was to provide a mechanism to establish collaborative avenues with the various US entities as well as to explore future foreign involvement through The Technical Cooperation Program and Defense Exchange Agreement mechanisms.
The topics chosen for this meeting were sufficiently broad to appeal to the widest audience. A similar approach was used for the original workshop held in May 2012. 1 Because of the broad travel restrictions that came into play after that last meeting, little follow-up activity was possible. Therefore, it was deemed important to allow for a wide variety of subjects to reconnect the community.
Over 100 people attended the meeting, which included presentations from the following: 
Other Topics Discussed
The community concluded that workshops continue to be useful and should become a regular occurrence. It was suggested that a general workshop similar to this one be held on an annual or bi-annual basis. More-targeted workshops with morelimited interests could be held more often. 
Presented Talks Summary
The agenda for the meeting is in Appendix A, and a list of the participants and their contact information is in Appendix B.
US Army TARDEC
Steve McCormick provided some background on the history of vehicle fire protection. A large number of vehicles have been lost as the result of vehicle fires in theater, and this vulnerability vector threat remains a significant threat to both vehicles and Soldiers. Approximately 1.5% of all attacks on vehicles from 2007 to 2012 led to fires, producing 220 casualties. Accidentally caused fires are also a concern, with 40 casualties resulting from 2002 through 2012. The fact that highly energetic and highly flammable materials are critical to the functioning of military vehicles makes the threat of fire a continuing problem for the foreseeable future. A multilayer hierarchical approach is being taken by the Army that begins with striking first, minimizing the ability of the enemy to attack, and minimizing the damage of a successful attack, the latter being part of the protection spectrum of concern to this community. Prevention of the fires is the first step with vehicle engineering solutions that attempt to minimize fuel spillage, incorporation of fire resistant materials such as tires and tracks, less flammable fuels, and better personal protection equipment. By far the biggest effort is development of fire suppression systems to fight the fires that do start.
Ministère De La Défense
Camille Viallon presented her efforts on Li-ion batteries vulnerabilities and the development of a water mist system for crew compartments. The Li-ion battery study evaluated the reactivities of the various battery technologies resulting from low-energy ballistic threats of interest to the French military. It looked at single element configurations and compared the severity of the reaction to an assembled unit having multiple connected cells in close proximity. A water mist system was evaluated for low-speed-growth pan-fire-type application. The results were compared with a typical gaseous-based agent. The water mist system worked reasonably well in comparison but will have integration challenges.
Bundeswehr Research Institute for Protective Technologies
Felix Kummerlen from the fire protection engineering section provided an overview of Germany's military vehicle fire protection efforts. His division is tasked with managing all technical issues concerning firefighting equipment, both fielded and future. In addition to handheld extinguishers, the thermal resistance of Soldier's clothing can be evaluated. An engine compartment fire relaxes the criteria of an acceptable agent compared with one that must operate within an occupied space. Crew compartment systems must provide lower temperatures, pressures, and toxic gas concentrations and happen within a narrow time frame to minimize injury. Even accidental activation of the system will be constrained by the agent-only effects on the crew. Felix posited that aqueous film-forming foam (AFFF) is currently the most effective agent again pool fires. However, the foaming agent currently in use has environmental issues, and therefore research is being conducted to replace that ingredient.
ASA-ALT/Jensen Hughes
Daniel Verdonik spoke on the environmental issues concerning fire suppressant agent use. He provided a history of the treaties and international agreements that are driving the current concern of ozone depletion and global warming trends being exacerbated by the use of current agents. The 1988 Vienna Convention was the first treaty and entered into force in 197 countries including the United States. This convention focused on the ozone depletion potential (ODP) of substances like halogenated hydrocarbon (halon) fire extinguishment agents. The Vienna Convention laid the groundwork for the 1989 Montreal Protocol, which regulated the production and distribution but not the use of, ozone-depleting substances (ODSs). The most destructive substance was identified as halon. Unfortunately, halons are currently some of the most effective fire suppressants. Some use was authorized under the agreement for critical applications. Military vehicles were one example targeted for this exception. The agreement specifies dates for which military vehicles and systems should be halon-free. As the focus shifted from ozone depletion to climate change, the United Nations Framework Convention on Climate Change, ratified in 1992, provided a mechanism to develop a new (Kyoto) protocol for addressing the use of global warming potential (GWP)-classified substances. Some of the materials listed are used as replacements for ODSs. The US administration recently issued a fact sheet concerning greenhouse gases in which the informational meeting that is the subject of this report was mentioned. 
US Environmental Protection Agency
Margaret Sheppard from the Stratospheric Protection Division of the EPA spoke on its Significant New Alternatives Policy criteria for evaluation of alternatives for commercial propellants and fire agents. The EPA considers other factors in addition to ODP and GWP, including flammability, toxicity, and other occupational and consumer health/safety elements that are also of interest to military systems. For fire suppression agents, there are currently 59 "acceptable" substitutes and 5 "unacceptable" substitutes for a total of 64 listed substances. However, some of the acceptable substitute agents are being reconsidered while new substances are being evaluated for use.
TARDEC/Alion Science and Technology
Steve Hodges spoke of the US Army's current effort to modernize legacy vehicle platforms. Part of that effort includes updating fire suppression agents with more environmentally friendly substitutes, as current workhorse agents have high ODP and GWP. Of course, the agents must also be effective. TARDEC conducted multiple tests to determine effectiveness by comparing current agents (baseline) with other replacement candidates using a set of criteria that included performance and safety factors. Results were mixed, with some of the candidates failing while others show promise but are not easily implemented.
KIDDE, Inc.
John Porterfield talked about the use of alternate fire suppression agents for military ground vehicles; in particular, new agents for crew compartments. Fielded agents suffer from high ODP and/or GWP, can be affected by environmental conditions, and can carry toxicology risks. Aqueous solutions (e.g., water and potassium acetate) have the potential to overcome some of the risks associated with other agent choices. However, aqueous-based agents have drawbacks that will have to be overcome before this technology can be fully utilized.
US Federal Aviation Agency
Doug Ingerson presented an overview of the activity the FAA is currently supporting with an emphasis on pursuing minimum performance standards for the replacement of halons within the power plants of aircraft. Each candidate must be reasonably far along in its development to be considered ready for implementation and perform at least as well as the legacy agent (Halon 1301). A representative test bed has been developed to mimic conditions typical in real-world applications. Two early candidates, HFC-125 and CF3I, are being recommended as possible replacements although each have their challenges and have not been pursued by the civilian sector. Later candidate development efforts have also suffered from significant problems and have been either abandoned by the applicant, FAA support having ended, or, for the latest applicant, ongoing.
Polyhalon Technologies
Casey Chapman presented his company's suppression agent technology. By using polymerized halon-like materials, a solid is formed that can be applied in novel ways (e.g, coatings and additives).
Blazetech
Albert Moussa presented Blazetech's work on a breathable foam for thermal and fire protection of passengers in a military vehicle. His presentation could not be included here, but if interested contact the author (Appendix B).
US Naval Research Laboratory
Katherine Hinnant presented NRL's work on the performance of fire agent foam used mainly for fighting pool fires. Current fluorinated foams have proven effective but have the potential for long-term harm to biological systems. Alternate foams have been developed for the civilian market but have failed to meet military standards. Fuel transport and foam degradation are considered the key mechanisms controlling the performance of a particular foam. The legacy foams' orders of magnitude longer lifetime is the main attribute that contributed to the difference in performance. Further efforts to understand why are in the works.
US Army Public Health Center
Matthew Bazar discussed the health aspects of using fire suppression agents in Army vehicles. Suppression agents can have adverse effects by being directly toxic or producing toxic byproducts, posing an inhalation hazard (powder), creating a low-level oxygen environment, or having thermal exposure issues from the discharge of the agent. The criteria used by the military to judge hazards lie between civilian standards and lethal limits to avoid incapacitation. Recent animal studies have been conducted to study the toxicity arising from agent use due to agent or agent byproducts interaction.
Southwest Research Institute
Donald Grosch presented SwRI's work on hydrodynamic ram (HDRam) experiments. This effort was undertaken to understand the transfer of kinetic energy from ballistic impacts into the fuel. The momentum transfer from the impacted liquid to the tank structure is the main cause of tank failure. Visualization of the interaction of a Viper shaped charge jet (SCJ) and the fuel surrogate (water) was presented. The exit hole from these events was always large and petaled despite several attempts to minimize the damage using stripper plates upstream of the exit plate. The use of a SCJ proved to be too violent, and a lower-energy threat was deemed more appropriate to start. The spray characterization became the focus for the work, as this information is critical to study the flame spread within a dry-bay fire event. Fragment simulation projectiles and small-caliber bullets were chosen as a more appropriate energy level threat for this work. Particle image analysis was used to characterize the droplet size and morphology distribution and velocities.
ARL
Barrie Homan spoke next on ARL's mission program in fuel fire. The efforts have also focused on the HDRam phenomena. Data on the forces resulting from HDRam on a surrogate tank were obtained by using digital image correlation techniques. This technique was also used in an experimental fixture that allowed for a more amenable approach to the characterization of the HDRam process. In an attempt to mitigate the HDRam-generated shock wave damaging the tank, a baffle design was tested experimentally and modelled using the ALE3D hydrocode. Both the model and experiments showed some promise. ARL also plans to study the generation of fuel spray characterization resulting from ballistic impacts.
Sandia National Laboratories
Dan Guildenbecher presented his talk on digital in-line holography and its application to liquid sprays. This technique promises the ability to resolve 3-D liquid droplet patterns with a single camera setup. The advantage to the system is that the optical configuration is relatively simple while capturing transient events.
The large depth of field inherent in the technique can lead to large positional (out of image plane) uncertainties. The technique currently requires a small field of view and dilutes sprays, which might limit it to smaller systems. In addition to validation studies, Dan has used this system to investigate the combustion of aluminum drops formed from burning propellants.
TARDEC
Julie Klima summarized her work on energy-absorbing materials that have high fire resistance. She concentrated on materials that have good absorption properties for protection of the head and neck areas. In particular, Soldier protection materials to mitigate head-vehicle impact resulting from underbody blast or other events will require significant improvements over current configurations. Developed material solutions, however, will also be required to be fire resistant. Currently, only a limited number of materials can satisfy both requirements.
University of Maryland
James Quintiere spoke on using engineering test data for predicting fire hazards. Because fire retardancy ratings are organization-specific, little agreement and therefore little usefulness,can be obtained from any particular test. Extrapolating the fire resistance properties to new scenarios become problematic. James proposes a set of flammability parameters that can lead to useful predictions that may span multiple material classes.
US Army NSRDEC
Thomas Tiano presented information on the development of the next generation of flame-resistant materials for Soldier protection. Current flame-retardant (FR) uniforms are significantly more expensive, require foreign-produced materials, and the production is not environmentally friendly. Efforts are underway to develop technologies to impart fire retardancy to the existing non-FR fielded fabrics that are durable and launderable. A summary of contractor lead efforts to achieve these goals was presented.
US Naval Air Systems Command
The NAVAIR fire protection program was summarized by Ryan Arthur. Singleengine aircraft fire suppression typically have required engine shutdown. The effort attempts to address the obvious drawback of loss of propulsion during fire extinguishments. As unmanned vehicles continue to increase in complexity and cost, fire protection has become more important. Investigations into the operation and service life of existing fire protection systems are also being pursued.
Sandia National Laboratories
Alex Brown introduced Sandia's Fire Science Department, outlining capabilities for well-instrumented experiments as well as high-fidelity modeling tools. The goals of the program are incorporating experimental data into understanding fire events and validation and verifying computer models. Fuel fires, propellant fires, and burning of composite materials have all been investigated. Modeling tools under development are coupling various codes developed to address different physics of particular applications but have a role describing the complete fire event.
Southwest Research Institute
Matt Blais described the capabilities of SwRI's Fire Technology Department. He outlined the ability to measure such flammability characteristics as energy release, ignitability, flame spreading, and smoke production. SwRI facilities can work with a wide variety of shapes, sizes, and forms (liquid, solids, and gases) and has modeling capabilities in the form of thermal finite-element codes and computational fluid dynamics (CFD) tools.
US Army Aviation and Missile Command
Tim Helton talked about the fire threat to Army aviation systems. Although most events recorded were the results of crashes, system failures, or leakage of flammables onto ignition sources, few official reports record the specifics of how the event was ultimately handled. When documented, the usefulness of a halonbased system is indisputable. However, current halon-based systems are being phased out. Army aviation subject matter experts have been and will continue to work with national and international committees and consortiums like the FAA's halon aviation rulemaking committee integrated product team, Halon Alternatives for Aircraft Propulsion Systems, and the International Aviation Systems Fire Protection Working Group.
TARDEC
TARDEC's fire suppression modeling effort was presented by Vamshi Korivi. A CFD capability is under development that will incorporate the required physics and chemistry to significantly reduce the costly experiment-driven design process. Multiple configurations can be evaluated while providing insights into the flame spread within vehicle compartments including the interaction of the suppression agent. Current chemical mechanisms (~800 reactions) are still too large for systems more extensive than small laboratory experiments. The use of a smaller global reaction mechanism allowed for simulation of vehicle-size fires and the introduction of suppressants to evaluate the design of suppressant delivery systems, concentration of toxic byproducts, and pressure.
ARL
The current status of the Fire Prediction Model (FPM) was presented by Jamie Edwards. This model addresses 3 damage pathways: dry-bay fires, spray fires, and ullage fuel-air explosions. These fires can be caused by a variety of threats ranging from traditional ballistic impacts to high-power laser ignition. Special attention was given to the IGNITE module development, which begins the process of modeling the fire event. ARL is also evaluating the documentation that accompanies the FPM. Further work is being conducted to compare the code with the reference materials that inspired it.
Sandia National Laboratories
The next few talks, led off by John Hewson of Sandia National Laboratories, concerned the subject of batteries. As potential energy densities of battery technologies increase dramatically, so do potential safety concerns. Thermal runaway is a major concern that has hindered incorporation of battery technologies. Investigations into the mechanisms of runaway energy release were discussed. The reactivity of any pathway heavily depends on the materials used to construct the battery, though some promising cathode materials are being developed. Modeling tools to study this problem have been mostly developed under the Stockpile Stewardship program, which has addressed some of the same physics required to understand the battery runaway problem. Several real-world cases were shown to showcase the current status of these sophisticated models.
Jensen Hughes
Gerard Back presented the company's efforts in Li-ion battery fire testing it is performing for the US Navy. The large number of electrolytes used in Li-ion batteries all have different internal energies and volatilities. These different chemistries are packaged into a wide array of form factors. The battery cells can then be agglomerated into an even wider array of packs that can have thousands of individual cells connected into series (higher voltage) or parallel (higher current) combinations of both forms. Some initiation events were suggested, including shorts, physical damage, overcharging, and/or ambient overheating. The Navy has tested over 30 different types including 5 specific to the military. Modeling tools are being developed to attempt to quantify the hazards and predict propagation and mitigation characteristics.
ARL
Kevin Boyd presented his work on Li-ion battery vulnerability due to over-charging scenarios. Two chemistries were overcharged while monitoring for signs of thermal runaway. Visible data as well as thermocouple measurements provided a measure of the violence of the event. Both chemistries produced copious amounts of smoke/combustion byproducts with one of the chemistries (NiCoMax) also producing external flames. A proof-of-principle suppression system was evaluated in which a candidate agent flooded the battery compartment at the first sign of runaway. For both chemistries, there was a significant reduction in the overall severity of the event, although there was still a large amount of combustion products apparent.
Tecate Group
Other energy storage technologies were address by Brendan Andrews, who focused on ultracapacitors (UCs), or supercapacitors. Capacitors store energy within a static-electric field rather than in potential chemical reactions. Substitution of an electrolyte for the conventional dielectric between the electrodes can increase the energy density of UC designs. Although current designs cannot match chemicalbased batteries for total energy density, the fast action inherent in a capacitive design can translate into higher power densities required for certain applications.
University of Cincinnati/Engineering and Scientific Innovations
David McGinnis spoke of his company's efforts to develop an intelligent fire protection technology. Current aviation systems mostly work by flooding the volume of interest with suppression agent in a one-time event. Simply flooding the compartment can require longer times and inefficient use of agent materials. David outlined an "ideal" solution that encompasses rapid fire detection to a measured and dynamic release of agent.
The Chemours Company
Mark Robin hinted at favorable properties of a proprietary agent under development in the pursuit of low ozone depletion properties and low global warming properties. Mark stated that an ideal candidate would have high mass efficiency, be chemically inert (outside of deployment), provide high volatility to promote efficient performance, be electrically nonconductive to prevent secondary electrical damage, have low toxicity, and be cost effective. His company is developing 3 candidates that attempt to address these ideal properties.
Robertson Fuel Systems
Nick Twardokus presented a brief on the Thermal Injury Prevention Strategy (TIPS) consortium of industry members with the goal of raising awareness of and spurring action for the prevention of thermal injuries. Over 6% of military deaths are the result of burn injuries, having far-reaching physical and psychological consequences for the wounded Warfighter. The goals of TIPS is to officially update thermal injury data beyond the current baseline. Establishing platform standards and requirements for prevention are being pushed to the highest levels (US Congress) by making TIPS part of the TARDEC survivability initiatives. The consortium is continually recruiting new members and exploring new venues to inform the appropriate communities on TIPS activities.
Meggitt
Several contractors spoke next concerning their companies' technologies for fuel fire mitigation. Randy Fontinakes from Meggitt summarized his company's products using self-sealing technologies to prevent fuel loss and resulting fire events. Some design considerations included backing boards to try to keep the damage as localized as possible. Container construction suggestions include using particular tank material (no titanium) as well as external (to the tank) treatments that can maximize the performance of self-sealing bladders.
Amerex
Ken Miar presented on the fire suppression systems that his company supplies to DOD. In-vehicle systems as well as standalone portable extinguishers are among the company's product line. Ken spoke of Amerex's in-house abilities to test solutions that will minimize the risk of immature designs being tested by the military for official qualification.
Spectrex
Douglas Kulick expounded on the phenomena of slow-growth fire threat exemplified by the pool fire scenario. Typical automatic fire extinguishant systems (AFESs) are geared to the more violent munition-initiated fires. The timeline for that type of fire tends to be orders of magnitude shorter than a long-duration pool fire. The company is advocating for a specification that would include longduration, slowly evolving fires into future AFES designs.
TARDEC/Alion Science and Technologies
Steve Hodges from Alion summarized his presentation at the 2014 Fire in Vehicles Conference held in Berlin, Germany. The overarching point made is that because vehicle occupants and flammable materials are necessarily within close proximity, fire prevention and mitigation is the most effective strategy for the protection of life and property. Ten percent of all fire deaths were attributed to vehicular fire events. However, no one solution can be made effective for all scenarios. Outlined in the talk were some well-known consumer vehicle design defects that resulted in increased danger from fire, including the 1978 Ford Pinto rear gas tank and the 1973 GM pickup truck side-saddle vulnerabilities. In addition to combat risks, military vehicles can also suffer from fires resulting from nonhostile action. Lessons learned in the civilian world can inform development of safer military vehicles. In both cases, an overall approach is needed to significantly reduce the risk of fire casualties. 
